Clinical islet transplantation has demonstrated success in treating type 1 diabetes. A current limitation is the intrahepatic portal vein transplant site, which is prone to mechanical stress and inflammation. Transplantation of pancreatic islets into alternative sites is preferable, but challenging, as it may require a three-dimensional vehicle to confer mechanical protection and to confine islets to a well-defined, retrievable space where islet neovascularization can occur. We have fabricated biostable, macroporous scaffolds from poly(dimethylsiloxane) (PDMS) and investigated islet retention and distribution, metabolic function, and glucose-dependent insulin secretion within these scaffolds. Islets from multiple sources, including rodents, nonhuman primates, and humans, were tested in vitro. We observed high islet retention and distribution within PDMS scaffolds, with retention of small islets (<100 µm) improved through the postloading addition of fibrin gel. Islets loaded within PDMS scaffolds exhibited viability and function comparable to standard culture conditions when incubated under normal oxygen tensions, but displayed improved viability compared to standard two-dimensional culture controls under low oxygen tensions. In vivo efficacy of scaffolds to support islet grafts was evaluated after transplantation in the omental pouch of chemically induced diabetic syngeneic rats, which promptly achieved normoglycemia. Collectively, these results are promising in that they indicate the potential for transplanting islets into a clinically relevant, extrahepatic site that provides spatial distribution of islets as well as intradevice vascularization.
InTroDucTIon
Treatment of patients with brittle type 1 diabetes mellitus (T1DM) via intraportal infusion of islets has demonstrated success in current clinical trials, conferring superior control of blood glucose, increase in C-peptide levels, and insulin independence for several years after treatment (51, 62) . Following intrahepatic infusion, however, a large number of islets are quickly destroyed by nonspecific inflammation and exhibit dysfunction. This phenomenon has been primarily associated with islet exposure to mechanical stress and inflammatory responses immediately after infusion, as well as high drug and toxin loads in the liver (6, 31, 33, 41, 49, 52, 56, 59, 69, 75) . The design of an alternative site that minimizes these factors could provide a superior environment for islet engraftment. The transplantation of islets into alternative sites would benefit from the use of scaffolds or devices that impart mechanical protection, spatial distribution, vascular infiltration, and the safety of retrievability (10, 22, 61) . Over the past decades, several researchers have designed and tested numerous devices for this purpose in multiple forms such as beads, sheets, rods, disks, and intravascular devices (13, 14, 55, 66, 67, 74) . The majority of these devices focused on the achievement of immunoisolation, which has the caveat of preventing islet revascularization (12, 15, 20, 30, 39, 64) , resulting in the significant depletion of nutrients due to the high metabolic demand of the islets. As a result, these avascular devices typically developed necrotic core regions in the grafted tissue (20, 64, 65) . The design of devices that allows for both intradevice vascularization and a means to spatially distribute the cells would provide a more favorable nutrient environment, while permitting for translatable scales for large animal models and clinical use. The use of highly porous materials that permit vascular migration might not only reduce nutritional gradients but also improve the responsiveness of the entrapped islets to glucose challenges due to intraislet vascularization.
The ideal matrix to attain the above-outlined goals would be one that is highly porous, with deep, interconnected pores to trap the islets throughout the device, while also allowing for host remodeling and vascular infiltration. Previously, Blomeier et al. demonstrated that a highly porous poly(d,l-lactide-co-glycolide) (PLG) scaffold, seeded with islets and transplanted into the intraperitoneal fat pad of a mouse, could be highly efficacious in a syngeneic diabetic mouse model (10). While the degradation of the scaffold over time restricts the ability to remove the implant at a later date, these studies illustrate the benefits of permitting intradevice vascularization on transplant efficacy.
Another important factor to consider for extrahepatic transplantation is the selection of the transplant site. Numerous implantation sites have been studied, with various observed benefits for each site (see Dufour et al. (22) for review). For small animal models, islets transplanted under the kidney capsule, spleen, or epididymal fat pad have demonstrated success (29, 34, (70) (71) (72) (73) ; however, these sites are not clinically relevant (10, 22) . Moreover, for transplantation in large animal models and humans, the implant must be scaled to account for the larger islet mass required, necessitating a site that can accommodate a larger tissue volume. The omental pouch meets these requirements and is easily accessible, allowing for retrieval of implants if necessary (22). Additionally, this site is drained via the portal system, which allows for a more physiological function of the islets when compared to systemic drainage (18). The intraomental transplantation of free islets into small and large animal models has established the efficacy of this site, although the islet equivalent (IEQ) requirements at this site tend to be higher when compared to the kidney capsule site (2, 3, 25, 36, 37, 63, 76) . While the use of devices or biomaterials to contain islets within the omentum has shown promise in large animal models (7, 24, 38, 66) , success rates in rat isografts has been limited, with no published reports of consistently stable graft function (26, 40, 50) .
Herein, we describe the development of a nonabsorbable, three-dimensional, macroporous scaffold for housing islet grafts within an extrahepatic site, specifically the omental pouch. We fabricated macroporous poly(dimethylsiloxane) (PDMS) scaffolds via the solvent casting and particulate leaching technique (SCPL), selecting PDMS based on its biostability, biocompatibility, oxygen solubility, and ease in surface modification (17, 44, 48, 54, 68) . Resulting scaffolds exhibited high mechanical stability, even with 90% void space, with large, interconnected pores. We investigated the suitability of these PDMS macroporous scaffolds for housing pancreatic islets, through assessment of islet retention, viability, and function in vitro. The efficacy of these scaffolds to support islet engraftment, vascularization, and function was tested within the omental pouch of syngeneic, streptozotocin-induced diabetic rats. The use of this novel PDMS-based platform to house islets within alternative sites is discussed, as well as the ability of this scaffold to serve as a multifunctional platform to improve islet engraftment and long-term function.
MaTErIalS anD METhoDS

Materials
The PDMS polymer components were purchased from GE Silicone (RTV 615 A&B; Hun tersville, NC, USA). Sodium chloride crystals were purchased from Mallinckrodt Baker (Phillipsburg, NJ, USA). Sieves with openings of 250 and 425 µm were purchased from W.S. Tyler (Mentor, OH, USA) through VWR (Radnor, PA, USA). Human plasma fibronectin (FN) was purchased from Gibco (Gaithersburg, MD, USA). Agarose powder type VII was purchased from Sigma-Aldrich (St. Louis, MO, USA). All culture media were purchased from Mediatech (Manassas, VA, USA). MTT cell viability kit was purchased from Promega (Madison, WI, USA). LIVE/ DEAD Viability/Cytotoxicity Assay Kit was purchased from Invitrogen (Carlsbad, CA, USA). Insulin ELISA kits were purchased from Mercodia (Uppsala, Sweden). All other reagents, unless otherwise indicated, were purchased from Sigma. All tissue culture supplies, unless otherwise indicated, were purchased from VWR.
Scaffold Fabrication
Macroporous PDMS scaffolds were fabricated using the solvent casting and particulate leaching technique (SCPL). PDMS polymer was prepared by mixing PDMS monomer with platinum catalyst per manufacturer's instructions, with the exception that 4:1 v/v was used. Salt, sieved to contain particles between 250 and 425 µm in diameter, was mixed with PDMS polymer at a 90 % v/v salt/PDMS ratio, loaded into prefabricated, silicone molds (10 mm diameter, 2 mm height), and incubated at 37°C for 48 h in order to completely crosslink the PDMS. The scaffolds were soaked in deionized water for 5 days to leach out the salt, with water changes every 24 h. Scaffolds were then dried at 40°C for 24 h and steam-sterilized in an autoclave. Scanning electron microscopy (SEM) (JEOL, JSM-5600LV, 29 Pa, 20 kV, Peabody, MA, USA) was employed to visualize the resulting scaffold. To alter the surface of the hydrophobic PDMS, the scaffold surface was coated with fibronectin via incubation in a 250 µg/ml for 24 h.
Cell Isolation and Culture
Islets were obtained from 250 to 280 g male Lewis rats (Harlan Laboratory, Indianapolis, IN, USA) via mechanically enhanced enzymatic digestion followed by density gradient purification, as previously described (58). Nonhuman primate baboon (NHP; The Mannheimer Foundation, Inc., Homestead, FL, USA) islets were isolated using methods, as described elsewhere (7). NHP islet donor statistics (n = 3) were male, 3 years; pooled islets from female, 24 years; male, 2 years; male, 21 years; and female, 2 years. Human islets were obtained through the NIH/JDRF ICR Consortium (New York, NY, USA) and the NIH-IIDP (Bethesda, MD, USA). Human islet donor statistics (n = 2) were female, 42 years, and male, 60 years. Rat and NHP islets were cultured in CMRL 1066-based medium (Mediatech) supplemented with 10% fetal bovine serum (FBS; Sigma), 1% penicillin-streptomycin (Sigma), and 1% l-glutamine (Sigma) for 24 h prior to seeding into scaffolds. Human islets were cultured in MM1 (Mediatech) for 24 h following arrival, prior to loading into scaffolds.
In Vitro Cell Loading and Assessment for Scaffolds, Hydrogels, or Controls
Scaffolds were prepared for islet loading via washing with respective islet culture media. Islet aliquots were based on calculation of islet equivalent (IEQ) (11) and were loaded into the fabricated scaffolds by concentrating islets into 50 µl of media and seeding them onto the scaffolds, where they filtered through the micro-sized pores via gravity. For all in vitro studies, 1,500 IEQ per scaffold was used. For a subset of scaffolds, fibrin gel (30 µl) was added to the islet-loaded scaffolds by loading onto the top of the PDMS scaffold. Fibrin gel was fabricated via the addition of fibrinogen (4 mM; Enzyme Research Lab, South Bend, IN, USA), thrombin (2 U/ml), aprotinin (85 mg/ml, Roche Applied Science, Indianapolis, IN, USA), and CaCl 2 (5 mM), as described by Martino et al. (46, 47) . Islet loaded scaffolds were then incuba ted at 37°C for 15 min. Scaffolds were then transferred to 35-mm culture dishes, 4 ml of media was added, and they were cultured in a humidified 37°C, 5% CO 2 /95% air incubator for 24 h.
The viability of islets cultured on PDMS scaffolds was compared to that of islets cultured in the microporous hydrogel agarose. Cylindrical agarose constructs of identical size (10 mm in diameter, 2 mm final thickness) were fabricated by suspending rat islets in 2% agarose at 37°C at a density of 1,500 IEQ per construct, and allowing it to gel for 3 min at room temperature. Agarose and PDMS scaffolds were then cultured in 35-mm culture dishes with 4 ml of culture media for 48 h in an incubator set at 0.05 mM oxygen ("hypoxic" condition).
Islets within scaffolds or constructs were compared to conventional culture, which was 1,500 IEQ freely dispersed in 1.6 ml media in 35-mm culture dishes in a humidified incubator for 24 h at either standard (0.2 mM) or hypoxic (0.05 mM) oxygen conditions, depending on the experiment.
In Vitro Assessment of Metabolic Viability and Retention of Islets
MTT cell viability assay was used to evaluate the metabolic activity of islets. Islet-loaded scaffolds (1,500 IEQ) were washed once, suspended in 250 µl of media within a 48-well non-tissue culture-treated plate, and placed in a humidified incubator for 1 h to recover from manipulation. Following 1-h incubation, MTT dye was added to each well to a final concentration of 0.5 mg/ml, and samples were incubated for an additional hour. Afterwards, 185 µl of stop/ solubilization solution was added to each well to quench the reaction, and the plate was wrapped in parafilm, protected from light, and stored for 24 h to fully solubilize the formazan crystals. On the next day, 120-µl samples from each well were dispensed into a 96-well plate, and the absorption at 570 nm was measured using a plate reader (Molecular Devices, Sunnyvale, CA, USA). Changes in optical density due to culture media used were compensated by subtracting media blanks from all wells. Effect of debris was minimized via subtracting results from readings at 650 nm.
For islet retention studies, islet loss from the scaffold following loading with 1,500 IEQ was evaluated. After incubating the scaffolds with 0.5 ml of media in a 48-well non-tissue culture-treated plate for 4 h, the scaffold was agitated and then moved into a separate well. MTT assessment was conducted on both the islet-loaded scaffold and the islets remaining in the well following scaffold removal. Retention percentage was expressed as the percentage of islets retained within the scaffold via division of absorbance of islets in scaffold by absorbance of all the islets (islets in scaffold + islets in well).
Cell viability was visualized by the LIVE/DEAD Viability/Cytotoxicity Assay Kit and imaged through a confocal microscope (zeiss LSM510, Thornwood, NY, USA) using methods outlined previously (27) . Briefly, cells were rinsed in HBSS and incubated for 45 min in 4 µM calcein AM and 8 µM ethidium homodimer-1 (EthD-1) solution diluted in PBS. Following a second rinse in HBSS, scaffolds were imaged via a fluorescence scanning confocal microscope (zeiss LSM 510). Live cells (green) were detected by excitation with light at 494 nm and emission at 517 nm, while dead cells (dead) were detected by excitation at 528 nm and emission at 617 nm. Multislice images were collected and merged using the projection function on LSM image browser (zeiss) software.
In Vitro Assessment of Glucose-Stimulated Insulin Secretion
The functional insulin secretion rate of islets was determined via static glucose-stimulated insulin release (GSIR) assay. Groups were sequentially incubated for 1-h intervals in glucose solutions Low1àHigh1àLow2, with low (40 mg/ dl) and high glucose (300 mg/dl) concentrations using a column method, as described (23). Briefly, 10 ml PolyPrep columns (Bio-Rad, Hercules, CA, USA) were placed in Poly column rack (Bio-Rad), filled with 400 µl of a slurry of Sepharose G-10 (GE Healthcare, Little Chalfont, Buckinghamshire, UK)/dPBS (10% w/v), and washed with low glucose (2.2 mM) Krebs-Ringer bicarbonate buffer (KRBB) [99 mM NaCl 2 , 5 mM KCl, 1.2 mM KH 2 PO 4 , 1.2 mM MgSO 4 , 2.6 mM CaCl 2 , 26 mM NaHCO 3 , and 0.2% w/v (g/ml) BSA, 25 mmol/L HEPES]. Free islets or one quarter of the islet-containing scaffold (375 IEQ total) were then placed in the column, and an additional 600 µl of bead slurry was added. Columns were then flushed with 4 ml of low glucose KRBB. Flow in the columns ceased when the liquid level reached the surface of the beads, keeping the fluid volume in each column constant. Columns were then incubated for 1 h for preincubation, followed by a 4-ml wash with low glucose KRBB, at which time the first step of the glucose challenge (Low1) was initiated. After 1 h, low glucose KRBB was exchanged with high glucose KRBB to begin step 2 of the challenge (High1). After this hour, high glucose was exchanged with low glucose KRBB to begin step three of the challenge (Low2). During each exchange, 1 ml of the respective KRBB solution was added and the 1 ml eluate was collected in tubes and stored at -80°C for later analysis. Insulin was quantified using the Mercodia Rat or Human Insulin ELISA, depending on the islet type.
Islet Transplantation and Graft Assessment
All animal studies were reviewed and approved by the University of Miami Institutional Animal Care and Use Committee. All procedures were conducted according to the guidelines of the Committee on Care and Use of Laboratory Animals, Institute of Laboratory Animal Resources (National Research Council, Washington DC). Animals were housed in virus antibody free rooms into microisolated cages with free access to autoclaved food and water at the Department of Veterinary Resources of the University of Miami. The Preclinical Cell Processing and Translational Models Core at the Diabetes Research Institute performed the rodent islet isolations, diabetes induction, and animal maintenance. Female Lewis rats, weighing between 175 and 185 g (Harlan Laboratory), were used as transplant recipients. Rats were rendered diabetic by intravenous administration of the b-cell toxin streptozotocin (two intravenous injections of 60 mg/kg 2-3 days apart; Sigma-Aldrich) and were used as recipients of syngeneic islets only if overtly diabetic upon three consecutive readings of nonfasting blood glucose levels >350 mg/dl, using portable glucose meters (OneTouchUltra2; Lifescan, Milpitas, CA, USA) (58).
Under general anesthesia (isoflurane USP; Baxter, Deerfield, IL, USA), a midline incision was made and the omentum was mobilized, exposed, and spread out using sterile saline. A single PDMS scaffold was placed on the exposed omentum. 1,800 IEQ were concentrated into 50 µl of saline and loaded onto the scaffold using a pipette. After 30 s, the omentum was then wrapped around the scaffold by folding each side inward. The edges of the omental pouch were subsequently sealed with fibrin gel. The omental pouch was then placed back into the peritoneal cavity, and the incision was sutured and stapled. Transplanted controls included islets freely loaded into the omentum or into the subrenal capsule. For freely loaded omentum islets, 1,800 IEQ (concentrated into 50 µl of saline) were pipetted onto the exposed omentum. The omentum was then wrapped around the islets and sealed with fibrin gel. For kidney capsule transplants, 1,800 IEQ were loaded within the kidney capsule, as previously described (53).
Graft function was defined as stable nonfasting glycemic levels of <200 mg/dl for two consecutive readings. A glucose tolerance test was performed in animals bearing a functional graft for over 3 months after transplantation for metabolic assessment of the grafted islets. After overnight fasting, rats received an intravenous glucose bolus (2 g/kg in saline), and blood glucose was monitored until it read below 200 mg/dl. Glucose clearance was evaluated by calculating the area under the curve (AUC) from the first reading until a reading of <200 mg/dl. To ensure that the function observed in normoglycemic animals was due to the islet transplant, the graft-bearing omentum was explanted and the glycemic levels were monitored to ensure the prompt return to a diabetic state.
Explanted grafts were evaluated via histological analysis. Following fixation in 10% formalin buffer, grafts were paraffin-embedded and sectioned into 10-µm-thick sections. Tissue sections were stained with hematoxylin and eosin, as well as Masson's trichrome staining (Richard Allan Scientific, Kalamazoo, MI, USA). Immunofluorescence was used to image islets and vascularization. Staining for insulin was performed using polyclonal primary Guinea pig anti-insulin (1:100; DAKO, A0564; Carpinteria, CA, USA) and a secondary goat anti-guinea pig AlexaFluor-488 conjugated antibody (Molecular Probes, Eugene, OR, USA). Blood vessels were detected via rabbit antia-smooth muscle actin (SMA) polyclonal antibody (1:50; Abcam, ab5694; Cambridge, MA, USA) with goat antirabbit AlexaFluor-568 conjugated antibody (1:200; Invitrogen A-11036). Nuclei were stained using TO-PRO-3 (1:100; Invitrogen, T3605). All results were compared to isotype controls (no primary) to ensure specificity of detection.
Statistical Analysis
For all retention, viability, and insulin secretion experiments, comparisons between groups (e.g., controls to scaffolds) were made only using the same islet preparation. A minimum of three independent replicate measurements were made for each assay. The number of replicates is indicated in the figure legends, and results are expressed as the mean ± SD. With the exception of human islet studies, a minimum of three independent experiments were made for each assay, with graphs summarizing results from a representative experiment. Statistical analyses for retention, viability, and insulin secretion experiments used a one-way AVOVA and Dunnett's multiple comparison test (if necessary). For transplant studies, results are expressed as the mean ± SD, with the number of animals within each group indicated in the figure legend. For time course animal studies, repeatedmeasure analysis of variance with Bonferroni-Holm post hoc analysis for within-subject effects was used. Differences were considered significant when p < 0.05.
rESulTS
Retention, Viability, and Function of Islets Within Macroporous Scaffolds In Vitro
Macroporous PDMS scaffolds were fabricated with 90% porosity and pore sizes ranging from 250 to 425 µm (Fig. 1) . For this study, the final dimension of the scaffold was 10-mm diameter and 2-mm thickness. As shown in Figure 1 , PDMS scaffolds were mechanically sound, with open, interconnected pores. The retention of islets within the PDMS scaffold was characterized for rat, nonhuman primate, and human islets. Initial studies using plain PDMS scaffolds experienced difficulty in islet distribution. Due the hydrophobicity of PDMS, the islet solution did not easily migrate into the scaffold, resulting in pooling of the islets at the top of the scaffold. Adsorption of fibronectin to the surface of the scaffold substantially improved islet distribution, primarily due to the ability of solutions to easily permeate through the now hydrophilic scaffold surface. Fibronectin was selected, in lieu of numerous protein alternatives, due to its ease in adsorption to PDMS, as well as reports indicating positive effects of fibronectin on islet function (19,28). The potential of fibrin gel, filled into the void space of the scaffold after islet loading, to improve islet retention was also evaluated (Fig. 2) . A summary of retention results, expressed as the percentage of islets retained within the scaffold, for the various islet sources tested is shown in Figure 2B . While rat and human islet sources were found to be highly retained within the scaffold without the need for fibrin gel (~90%), nonhuman primate (NHP) islets experienced a significant loss. This is likely due to the disparate size distribution of the NHP baboon islets, when compared to the rat and human islets. As shown in Figure 2A , 72.6% of the NHP baboon islets were less than 100 µm, while 83.6% of the rat islets and 97% of the human islets were greater than 100 µm. The addition of fibrin gel to the scaffold after loading, increased islet retention of NHP islets to 78%. These results indicate a correlation between islet retention within these scaffolds and islet size, with increased islet loss for isolations containing a large portion of islets <100 µm in diameter. To evaluate the effect of the scaffold environment on islet viability and function, the metabolic activity and glucose stimulated insulin release of rat, NHP, and human islets (1,500 IEQ/scaffold) loaded within fibronectincoated PDMS scaffolds were evaluated and compared to islets (1,500 IEQ) freely floating in petri dishes (labeled as "conventional culture"). Tests were also conducted for rat and NHP islets loaded into scaffolds containing fibrin gel. Assessments were performed after 24-h culture at 20% oxygen. As Figure 2C illustrates, the viability of the islets was unaffected by culturing on scaffolds or scaffolds with fibrin gel, regardless of source (p = 0.3278 for rat; p = 0.4214 for human; p = 0.130 for NHP). Static glucosestimulated insulin secretion results are shown in Figure 2D , expressed as insulin stimulation index (insulin release during high glucose over release during low glucose). No statistical difference was observed between culture conditions (conventional culture, scaffold, or scaffold with fibrin gel), regardless of source (p = 0.919 for rat; p = 0.6913 for human; p = 0.1133 for NHP). For all cases, islets displayed well-preserved glucose responsiveness, demonstrated as increased insulin output after stimulation with high glucose and a subsequent decrease in output during the second low glucose stimulation. Islet morphology and viability was qualitatively evaluated using multislice confocal imaging and live/dead staining. As shown in Figure 2 , highly viable islets were found distributed within the scaffold.
Evaluation of Islets on Scaffolds Under Hypoxic Culture Conditions
Given that the evaluation of islets within the scaffolds under normoxic conditions likely does not highlight the benefits of a three-dimensional culture system, viability tests were subsequently conducted under conditions more representative of in vivo conditions, where oxygen availability is more restricted. Thus, islets within PDMS macroporous scaffolds were compared to petri dish controls when cultured at hypoxic conditions (0.05 mM oxygen tension). To compare the effects of the scaffold macroporosity on enhanced viability at low oxygen tensions, results were also compared to islets cultured within microporous agarose hydrogel constructs of identical dimensions. This permitted comparison of the effects of macro-versus microporosity, independent of the benefits of three-dimensional distribution. Figure 3 summarizes the changes in islet viability, per MTT, expressed as fold changes from the conventional culture control. Under low oxygen, rat islets on the PDMS scaffold had statistically significant ( p = 0.0018) enhancement of viability, when compared to conventional culture controls. This indicates a benefit of macroporous scaffolds when islets are cultured at oxygen tensions typical of that found in vivo. In addition, islets within PDMS macroporous scaffolds were found to exhibit higher viability than islets within agarose microporous constructs, with agarose constructs inferior to even two-dimensional conventional culture. This indicates that the benefit of the PDMS scaffold is not simply due to the three-dimensional distribution of the islets but also to the highly macroporous nature of the scaffold.
Syngeneic Islet Transplantation Into Scaffolds
The efficacy of islets, loaded within PDMS macroporous scaffolds, to restore normoglycemia was evaluated in a syngeneic, diabetic rat model. The omentum was selected as the transplant site. Following placement of the scaffold on the omentum, 1,800 IEQ were loaded into the scaffold. The scaffold was subsequently wrapped in the omentum, with the tissue edges of the omentum sealed with fibrin gel (Fig. 4A) . Note that no fibrin gel was used within the scaffold, given that the retention of rat islets within the PDMS scaffold was high. For comparison, two control groups were used: free islets in an omental pouch and free islets in the kidney capsule (1,800 IEQ/rat). For all transplants performed, no major adverse events were recorded and all animals survived the surgery.
The transplant of islets in PDMS scaffolds in the omentum resulted in a prompt and stable reversal of the diabetic state in five of the six animals (83.3%) transplanted, with a mean reversal time of 1.8 ± 1.3 days (1-4 days, n = 5). For islets freely loaded into an omental pouch, five of the six animals (83.3%) reverted to stable normoglycemia, with a mean reversal time of 5 ± 5.61 days (1-15 days, n = 5). Islets in the kidney capsules resulted in reversal from diabetic state (100%) on days 2 and 6 (n = 2). Following reversal, nonfasting blood glucose values for all groups were stable throughout the course of the study. Figure 4B summarizes the average nonfasting blood glucose levels for functional grafts. Body weight of the recipients increased over the time course of the experiment, indicating improved overall metabolic state after transplantation (Fig. 4C) . Following removal of the omentum, all normoglycemic animals reverted to the diabetic state, confirming that the transplanted grafts were responsible for diabetes reversal, as indicated in Figure 4B .
Evaluation of metabolic control of grafts via a glucose challenge found adequate control for all effective transplants. Glucose tolerance tests on fasted rats (performed at 95 days posttransplant) resulted in prompt clearance of glucose, with restoration to normoglycemic levels (<200 mg/dl) within 60 min for all groups, as shown in Figure 4D . Clearance of bolus glucose was statistically identical for all groups, with AUC values at 24,534 ± 2,700 and 23,401 ± 1,062 for islets in the scaffold and free islets, respectively, while kidney capsule AUC values were 20,881 ± 2,827.
Histological assessment of islets within PDMS scaffolds found robust, vascularized islets expressing high levels of insulin, as shown in Figure 5 . H&E and trichrome staining of explanted grafts found strong infiltration of host cells and deposition of extracellular matrix into the graft, filling the void space within the scaffold. The scaffold was found to be completely integrated with the surrounding tissue, with no fibrotic capsule detected at the interface with the host and the implant. No observable lymphocytic infiltrate was observed. Islet retained their morphology, with strong insulin expression throughout the islet (insulin immunofluorescence) (Fig. 5C, D) , illustrating minimal islet fragmentation or central necrosis. As shown in Figure 5C and D, blood vessels were detected surrounding the embedded islets and within the islets themselves, illustrating intrascaffold and intraislet vascularization. Strong a-smooth muscle actin (a-SMA) staining, near and within islets, as well as throughout the scaffold, indicates the presence of mature vessels. Islets were also found distributed throughout the scaffold, as shown in Figure 5E , where insulin immunofluorescence illustrates islets through the entire cross-section of the scaffold. Some asymmetry to the islets loading was found, with a greater portion of the larger islets residing on the Effects of low oxygen culture on islet viability within scaffolds. Rat islet viability, expressed as fold change from control (conventional culture), of rat islets cultured within conventional standard culture dishes, macroporous PDMS scaffolds, or agarose constructs for 72 h at 0.05 mM oxygen. Error bars represent standard deviation (n = 3). *Statistically significant change (p < 0.01) Agarose constructs were also statistically different from conventional culture group. top portion, which is assumed to be the loading side of the scaffold.
DIScuSSIon
In this study, we sought to evaluate the capacity of a novel macroporous scaffold to serve as a platform for housing islets within a clinically relevant alternative transplant site. Highly porous PDMS scaffolds were fabricated and found to be mechanically sound with open, interconnected pores. Fibonectin was adsorbed to the PDMS surface, resulting in a hydrophilic surface that may be favorable to the islets. Given that direct comparisons Figure 4 . Transplants of 1,800 IEQ Lewis rat islets into diabetic Lewis rat recipients. (A) Photographs of PDMS scaffold implantation, where a PDMS scaffold was placed onto exposed omentum and loaded with islets (left), wrapped in omental tissue (middle), sealed with fibrin gel, and placed back into the peritoneum (right). (B, C) Nonfasting blood glucose levels (B) and body weight (C) of recipients following transplantation of 1,800 IEQ into: PDMS macroporous scaffolds in the omentum (n = 5); freely loaded into the omentum (n = 5); or freely loaded into the kidney capsule (n = 2). Grafts were removed on day 112 for free islets in the omentum and day 168 for islets in PDMS scaffolds (as indicated by arrows), where prompt reversal to diabetic state was observed for all animals. (D) Intravenous glucose tolerance test performed on functional graft recipients at 95 days posttransplant. Blood glucose measurements were collected at time points indicated, following injection of bolus glucose, for islets in PDMS scaffold in omentum (n = 4); freely loaded in omentum (n = 3); and islets freely loaded into the kidney capsule (n = 2). Only functional grafts were used for data analysis shown. Key in B also applies to C and D.
of various protein coatings were not made for this study, we are unable to state the benefits of this approach over other methods to generate a hydrophilic surface (e.g., 4, 35,60). These PDMS macroporous scaffolds were evaluated for their capacity to serve as a matrix for housing islets, both in vitro and in vivo. Our data indicates that islet retention within the scaffold is correlated to islet size. Smaller islets, as those from NHPs, which in our studies contained the highest proportion of <100 µm clusters, had lower retention than the rat or human islets tested. With the fabrication method based on particulate leaching, the scaffold pore size can be customized to the desired pore size range in order to enhance islet retention. Nonetheless, the addition of fibrin gel alleviates this loss by improving the retention of small islets within the scaffold following loading.
The viability and functionality of islets under standard culture conditions (0.2 mM oxygen) was not adversely affected by loading within the PDMS scaffold and was similar to controls, which were cultured in petri dishes. Since these experiments were conducted under normal oxygen tension, these results understate the potential of the scaffold for enhancing islet viability in vivo, where oxygen availability is greatly reduced. Decreasing the external oxygen tension to a level more representative of in vivo conditions (0.05 mM oxygen) demonstrated the advantage of three-dimensional islet distribution, with higher cellular viability when compared to two-dimensional cell cultures. Comparisons with microporous agarose hydrogels of identical geometry illustrated the benefits of the macroporosity of the scaffold. While others have entrapped islets within microporous gel matrices in order to prevent islet aggregation, our studies suggest that the use of a macroporous scaffold may be of greater benefit (5,42).
Islet-loaded scaffolds transplanted into the omental pouch of syngeneic diabetic rats successfully reverted diabetes and sustained long-term normoglycemia. Explanted grafts were found to be well integrated within the host, whereby the macroporosity and minimal presence of the PDMS material (only 10% of the implant volume) allowed the infiltrating host cells to largely dictate the graft microenvironment. As such, positive extra-cellular matrix deposition was observed, with a presence of blood vessels, both intra-and interislet. Given the high metabolism of islets, formation of a well-developed vascular network is a critical component to preservation of islet viability as well as graft responsiveness.
In vivo islet retention within the scaffold was high, with islets found throughout the implant. Due to the biostability and mechanical integrity of the PDMS scaffold, we did not observe breakage or mechanical disruption of the implant after almost 170 days. While mechanical testing of the PDMS scaffold has yet to be performed, these transplant studies indicate robust mechanical integrity of the scaffold in this animal model.
In terms of clinical applicability, PDMS-based implant have a proven clinical safety profile and prolific use in longterm implants (16). The scale of our device also permits ease in clinical translation. Indeed, by increasing the diameter of the scaffold, islet loading density can be preserved using reasonably sized scaffold(s), while maintaining the ability to accommodate the islet numbers necessary at the clinical scale. The use of the clinically relevant omentum site also provides ease in the translation of these promising studies to larger animal models.
Finally, this study illustrates that the use of a PDMSbased macroporous structure can provide a means to competently house islets in a site alternative to the standard intrahepatic portal system. This study lays the foundation for future work focused on the use of this PDMS platform to further modulate the local environment. Given the material selected, this platform serves as an ideal means for the local and slow delivery of anti-inflammatory drugs and immunomodulatory agents, as well as oxygen delivery (9, 21, 43, 57) . Furthermore, given that the fibronectin coated surface of the PDMS scaffold permits cell attachment, this platform can also serve as a means to co-deliver islets with other "helper" cells, such as mesenchymal stem cells or endothelial cells, which have shown great benefit in islet engraftment (1, 8, 32, 45) . Future studies are focused on translating this platform to a bioactive scaffold capable of actively modulating the surrounding milieu.
concluSIonS
Given the mechanical, chemical, and inflammatory limitations of the intraportal islet site, finding alternative sites for the transplant of islets is critically important. Housing of islets within a three-dimensional structure, such as the PDMS scaffold presented herein, can provide the following positive attributes: spatial distribution, mechanical integrity, and intradevice vascularization. Biocompatible, highly porous PDMS scaffolds were successfully fabricated and found to be conducive to housing islets of a typical size. We have demonstrated that macroporous PDMS scaffolds have high islet retention, while maintaining islet viability and function. Their biostability and biocompatibility make them appropriate for in vivo implantation. By transplanting them into the omental pouch, we have shown feasibility of both the scaffold and this clinically relevant site. The PDMS scaffold represents a self-contained vehicle for not only transplanting islets but also for the delivery of drugs, agents, or cells within the micro-niche of the transplant site. While the PDMS scaffold was initially developed for islet transplantation, it can easily be tailored to other applications by modifying its: geometry, porosity, pore size, and protein surface coating. Future studies are focused on scaling up these scaffolds to larger animal studies, as well as evaluating these scaffolds as a multifunctional platform for the modulation of the transplant site.
